Objective: To examine neurodegenerative imaging biomarkers in Alzheimer disease (AD) dementia from middle to old age.
hypothesis was that the burden of disease would tend to overshadow age-related changes in neurodegeneration imaging biomarkers in persons with dementia.
METHODS Participants. We identified 116 persons with AD dementia who were initially recruited and diagnosed in the Mayo Alzheimer's Disease Research Center and Mayo Clinic Study of Aging (MCSA) by R.C.P., B.F.B., or D.S.K. They were diagnosed using National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association criteria 1 for probable AD, which also corresponds to clinically diagnosed AD dementia by the National Institute on Aging and the Alzheimer's Association workgroup criteria. 2 Five persons who had received a diagnosis of probable AD were excluded on further review because they had prominent secondary etiologic diagnoses. All participants underwent a standard neurologic examination, underwent an interview (along with an informant) to complete a Clinical Dementia Rating (CDR), 3 and received a Mini-Mental State Examination (MMSE) or Short Test of Mental Status. 4 Scores on the Short Test of Mental Status were converted to MMSE scores using an internally developed nomogram. The CDR is reported as a summary of the domain scores and referred to as the Sum of Boxes or CDR-SB. APOE genotyping was done using standard methods. All underwent MRI, [ 18 F]-fluorodeoxyglucose (FDG)-PET, and PiB-PET imaging. Three additional individuals were excluded because their scans could not be analyzed by the FreeSurfer pipeline. For the current study, we included only individuals with elevated PiB-PET defined as standardized uptake value ratio (SUVR) .1.6. A value of 1.6 was chosen based on our prior work 5 in order to correspond to a Thal amyloid stage of $2 (post hoc, on inspection of the distribution of PiB-PET SUVR in our cases clinically diagnosed with AD dementia, there were no participants with PiB-PET SUVR between 1.6 and 1.8). Based on PiB SUVR values below the cutoff, we excluded 11 persons clinically diagnosed with AD dementia, leaving 97 (of 108, 90%) in the analytic sample.
The 97 participants with AD dementia were matched on a 2:1 basis with 194 CN persons from the MCSA on age, sex, and total intracranial volume. We did not exclude any CN participants because of elevated PiB-PET SUVR. Some of the data on hippocampal volume 6 and FDG-PET imaging 7 in CN participants have been previously reported, but are presented here in order to compare to the AD dementia group.
Standard protocol approvals, registrations, and patient consents. These studies were approved by the Mayo Clinic and Olmsted Medical Center institutional review boards. Written informed consent was obtained from all participants.
Imaging. Our imaging methods have been described in prior publications. [6] [7] [8] [9] [10] For additional details, see e-Methods on the Neurology ® Web site at Neurology.org. In the Mayo Alzheimer's Disease Research Center and the MCSA, all participants who agree to brain imaging undergo a brain MRI on one day and then PiB-PET and FDG-PET on a second day. CT scans were also obtained at the time of PET imaging for attenuation correction.
PiB-PET images were acquired at 40 to 60 minutes after injection of 11 C-PiB. PiB-PET scans were analyzed with our inhouse, fully-automated, image-processing pipeline 8 in which each participant's 11 PiB image voxel values were extracted from automatically labeled regions of interest (ROIs) derived from an atlas 12 that we modified. The PET ROIs were derived from a T1weighted MRI template that was generated for each participant. 11 A global cortical PiB SUVR was defined as the median PiB uptake value across voxels in the prefrontal, orbitofrontal, parietal, temporal, anterior cingulate, and posterior cingulate/precuneus ROIs from both hemispheres divided by the median PiB uptake value from the cerebellar gray matter ROI. A partial volume correction using segmented coregistered MRI was applied to the PiB-PET data, to account for voxel CSF content.
For FDG-PET scanning, 7,10 participants were imaged 30 to 38 minutes after injection of FDG, with an 8-to 10-minute image acquisition period consisting of four 2-to 2.5-minute dynamic frames. During the 30 minutes between injection and imaging, participants sat in a darkened room and were not disturbed. They were told to keep their eyes open and to rest quietly. During image acquisition, they were asked to keep their eyes open. Quantitative image analysis for FDG-PET was performed using the same automated pipeline of image extraction and normalization as was described above for PiB-PET. 8 As in our previous work, 13, 14 we focused on glucose uptake in a group of isocortical temporoparietal regions invariably affected in AD. 15 These regions-angular gyrus, posterior cingulate, and middle/ inferior temporal cortical ROIs-were defined in each participant's native space, and an FDG SUVR was created by normalizing the median values in each region to the median in the pons and vermis and then averaging the SUVR values across regions. We did not use partial volume correction for FDG-PET data.
The MRI methods are described in detail. 8 Threedimensional magnetization-prepared radiofrequency pulses and rapid gradient echo sequences were performed on one of three 3-tesla MRI machines from the same manufacturer. We analyzed 2 MRI measures of neurodegeneration. The first, termed HVa, was calculated as right plus left hippocampal volumes from Free-Surfer (v5.3; https://surfer.nmr.mgh.harvard.edu/) adjusted for total intracranial volume (TIV). To derive HVa, we fit a linear regression model among 133 CN participants aged 30 to 59 years predicting hippocampal volume from TIV. 16 HVa was defined as the residual from this model, i.e., the difference between a participant's observed and expected hippocampal volume expressed in cubic centimeters. TIV was estimated using a TIV mask generated from each participant's magnetization-prepared radiofrequency pulses and rapid gradient echo image with SPM12 17 of all gray matter, white matter, and CSF voxels, excluding voxels that were clearly extracranial.
The second MRI measure, AD signature ROI cortical thickness, was an average of mean cortical thickness across both hemispheres generated from the following FreeSurfer (v5.3) ROIs: entorhinal, inferior temporal, middle temporal, and fusiform. 9 These regions were selected from an analysis in which the differences were maximized between groups of participants with mild cognitive impairment or AD dementia who had elevated b-amyloid levels and who were older than 60 years (including 52 participants in the current analysis) and age-, sex-, and TIV-matched CN participants without elevated b-amyloid. The cortical thickness measure was not significantly correlated with TIV. 9 Analyses. We used linear regression to assess associations of age, sex, APOE genotype, and MMSE with the 3 neurodegeneration imaging biomarkers among CN and AD dementia groups separately. Possible nonlinearity in age associations was accommodated via restricted cubic splines with knots at ages 60, 70, and 80. To test for differences in age effects between the AD dementia and CN groups, we fit a similar linear regression model among all participants including diagnosis group plus interactions with diagnosis and all other variables in the model.
In addition, in AD dementia only, interactions with age and sex, age and MMSE, and age and APOE genotype were evaluated. Cohen d statistic was used to describe age effect sizes relative to the extent of variability in the biomarkers. For cortical thickness and HVa, it was calculated as the difference in the mean biomarker value for an 85-year-old compared to a 55-year-old divided by the SD of the biomarker among all participants. Because of the nonlinear relationship with age and FDG, Cohen d was calculated as the difference in the mean FDG SUVR at the age where the curve peaked compared to a 55-year-old. Bootstrap methods with 10,000 replicate samples were used to calculate confidence intervals for the Cohen d statistic. To evaluate age effects on cutpoints, we computed 90th percentile values for the neurodegeneration biomarkers for those younger than 65 years, those 65 years and older, and the group as a whole. We chose age 65 years as the age division because that is the traditional cutpoint between early-and late-onset dementias. The 90th percentile was originally chosen 13 because we wanted a cutpoint with high sensitivity, i.e., one that would capture the majority of the participants with AD dementia, but also wanted to avoid a percentile that might be influenced by extreme values.
RESULTS
The participants with AD dementia and matched CN participants are described in table 1. The participants with AD dementia ranged in age from 49 to 93 years. Men were slightly overrepresented (n 5 55, 57%). The majority of participants with AD dementia (n 5 71, 75%) were APOE e4 allele carriers. The CN participants had an expected minority (n 5 57, 29%) who were APOE e4 allele carriers. Although the interquartile ranges of the MMSE and CDR-SB in the AD dementia group were not large, there were both milder and much more impaired individuals in the study group. There was no significant association between PiB SUVR and MMSE, or MMSE and age, in the AD dementia group (figure e-1). The association between PiB SUVR and age was also not significant (p 5 0.06 for the overall age association and the nonlinear association) (figure e-2).
There were significant differences in mean values of FDG SUVR, HVa, and cortical thickness by age in both CN and AD dementia groups (tables 2 and 3, figure 1).
Older age was associated with reduced cortical thickness (p , 0.001) with no significant evidence of nonlinearity in the AD dementia group (p 5 0.38). There was a nonlinear association of age for cortical thickness in the CN group (p , 0.001), such that older age was associated with reduced cortical thickness primarily after age 70. However, the age 3 diagnosis group interaction was not significant (p 5 0.68). Figure 1 shows that group differences were similar across the age spectrum.
Older age was linearly associated with smaller HVa in the AD dementia and CN groups (both, p , 0.001). There was no significant age 3 group interaction (p 5 0.12) (figure 1, difference plot).
FDG SUVR was the only biomarker with a significant difference in the age association between the AD dementia group and the CN group (p , 0.001). In the AD dementia group, there was a significant nonlinear (inverted-U-shape) association (p 5 0.007) with FDG SUVR such that older age was associated with higher FDG SUVR until age 70, then associated with lower FDG SUVR. However, in the CN group, older age was linearly associated with lower FDG SUVR (p , 0.001). Because of the significant age-diagnosis group interaction (see difference plot in figure 1), the difference in mean FDG SUVR values between AD dementia and CN groups was much greater at younger ages than older ages. We also examined each region that made up the FDG AD signature ROI and found that the age associations were similar in all 3 regions for both the CN and 
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Amyloid PET, SUVR, a median (IQR) AD dementia group. However, the effect sizes were somewhat attenuated in the posterior cingulate region for the CN group and the temporal region for the AD group (figure e-3, table e-1). While there was variability within groups for all of the biomarkers, the age effect sizes were moderate to large in the AD dementia group. Cohen d for FDG SUVR was 0.7 (95% confidence interval [CI]: 0.2-1.1) as compared to 1.1 (95% CI: 0.5-1.5) for cortical thickness and 1.2 (95% CI: 0.7-1.6) for HVa. With a moderate sample size available, these differences were not conclusively different from one another. However, based on Cohen d bootstrap replicates, we estimate a 91% probability that the age effect size for HVa is greater than for FDG SUVR, an 84% probability that the age effect size for cortical thickness is greater than for FDG SUVR, and a 74% probability that the age effect size for HVa is greater than for cortical thickness.
Lower MMSE values (table 3) were associated with lower FDG SUVR (p , 0.001), cortical thickness (p , 0.001), and HVa (p 5 0.006) as expected in the AD group. However, there were no significant interactions between age and MMSE for the 3 neurodegeneration biomarkers (p 5 0.20, 0.56, and 0.28, respectively), indicating that cognitive status did not account for the age relationships of the biomarkers.
There were no significant associations in the AD dementia group with the 3 imaging biomarkers and sex (table 3) . APOE e4 allele carriage was associated with smaller HVa (p 5 0.003) but not the other 2 imaging biomarkers in the AD dementia group. There was no interaction between APOE e4 carriage and age (p 5 0.48). Figure 2 shows the effects of age on cutpoints defined as the 90th percentile of the AD distribution for the 3 neurodegeneration biomarkers by age younger than 65 years vs age 65 years and older and in all participants combined. Differences in cutpoints across age were very small for FDG SUVR and cortical thickness, but rather large for HVa. The values from the CN group are presented for comparison, but might differ from a population-based group. The percentages of this nonrepresentative group of CN falling into the abnormal range for HVa varied considerably using the cutpoint defined in ,65 (37% abnormal) compared to the cutpoint defined in $65 (11% abnormal). Differences in the proportion of CN defined as abnormal Scatterplots of each imaging biomarker by age within CN and AD dementia groups (A) AD meta-region of interest FDG SUVR; (B) AD signature region of interest cortical thickness; (C) adjusted hippocampal volume. Separate regression models were fit for each biomarker within groups. Age was modeled with a restricted cubic spline with knots at ages 60, 70, and 80 years. The models were adjusted for sex and MMSE. Regression lines are shown for APOE e4 carriers vs noncarriers for the median MMSE (29 for CN, 21 for AD) and averaged across sex. Since sex and MMSE were modeled as additive effects, the mean biomarker values for men vs women, or for different MMSE values, would shift the lines shown in the figure only up or down, but would not change the shape of the curves. Difference plots were estimated from a model fit among all participants with age, sex, APOE genotype, MMSE, and diagnosis as well as interactions with diagnosis and all other variables. The difference plots show estimated difference in mean biomarker levels for a participant with AD dementia vs CN participant by age. For cortical thickness, a 15-year increase (i.e., 55-70 or 70-85 years) in age was associated (with above adjustments) with a 0.1-to 0.2-mm cortical thinning in the AD dementia group, while a 15-year increase in age was associated with a 0.04-to 0.2-mm cortical thinning in the CN group. For HVa, in the AD dementia group, a 15-year increase (i.e., 55-70 or 70-85 years) in age was associated with a 0.6-to 0.7-cm 3 decrease in HVa after adjustments, while a 15-year increase in age was associated with a 0.9-to 1.0-cm 3 by the ,65 and $65 cutpoints were also noted for FDG SUVR (6% vs 17%) and less so for cortical thickness (25% vs 20%).
DISCUSSION There were 2 important sets of observations from our analysis. First, within persons with AD dementia who had elevated PiB SUVR, the age effect sizes for the 3 neurodegeneration biomarkers were moderate to large. Our results disprove the hypothesis that disease overshadows age in AD for these biomarkers. Second, for use as a cutpoint for abnormality among less impaired individuals, the 90th percentile value for cortical thickness in AD dementia did not vary with age. In contrast, cutpoint values for both HVa (linearly) and FDG SUVR (nonlinearly) varied with age. The generalizability of claims that rely on cutpoints for a neurodegenerative abnormality based on HVa or FDG SUVR will invariably be conditioned on the particular age composition of the study cohorts. The overall decline with age in isocortex and hippocampus that occurred in both the AD dementia and CN groups was consistent with prior work in MRI in CN 6, [18] [19] [20] [21] and in AD dementia studies that did not account for b-amyloid status. 20, [22] [23] [24] [25] The greater age dependence of HVa compared to cortical thickness suggests that hippocampal structural integrity is influenced more strongly by AD-independent processes than is isocortical structural integrity. Thickness of isocortical regions, while less agedependent, has the additional benefit as an effective AD neurodegeneration biomarker of being strongly associated with cognition both clinically (e.g., figure 2 ) and neuropathologically. 26 The association between FDG SUVR and age in AD dementia was unlike the age relationships in the other 2 biomarkers. The relationship was nonlinear (inverted U-shaped) and significantly differed from the inverse linear association seen in the CN group. Therefore, at younger ages, there was a larger difference in mean FDG SUVR values between AD and CN groups than at older ages. This inverted U-shaped relationship between age and FDG SUVR in AD-relevant ROIs resulted in less variability in cutpoints defined by the 90th percentile across different age groups for this biomarker. In earlier studies in mild cognitive impairment, we had observed age effects on AD-related FDG SUVR patterns, 27 but we are not aware of other studies that have documented an age 3 cognitive status interaction for FDG SUVR. The basis for the hypometabolism in younger patients with AD dementia is unclear but could reflect different neuropathologic subtypes of AD. Lower FDG SUVR in younger compared to older patients with AD dementia would not be surprising given the overrepresentation of isocortical-dominant, hippocampalsparing AD variants in younger patients, [28] [29] [30] [31] often, but not always, appearing as nonamnestic syndromes. While none of our participants had clinical diagnoses of nonamnestic syndromes, we suspect that the Boxplots for each biomarker among CN participants and younger, older, and all AD dementia groups Boxplots for each biomarker (A: FDG-PET; B: AD signature thickness; C: HVa) among all CN participants (n 5 194), younger participants with AD dementia (age younger than 65 years, n 5 26), older participants with AD dementia (age 65 years or older, n 5 71), and all participants with AD dementia (n 5 71). Cutpoints are shown in the AD groups using the 90th percentile. The boxes indicate the 25th and 75th percentile. The line within the box represents the median value. Vertical lines extending from the boxes are extended out to the data point furthest from the box that is within 1.5 times the interquartile range, defined as the 75th percentile minus the 25th percentile. AD 5 Alzheimer disease; CN 5 clinically normal; DEM 5 dementia; FDG 5 [ 18 F]-fluorodeoxyglucose; HVa 5 adjusted hippocampal volume; SUVR 5 standardized uptake value ratio.
hippocampal-sparing, isocortical-involving pattern exists on a continuum with combined hippocampal and isocortical involvement, some of which was represented by younger persons in our study. The "typical" pathologic form of AD 28 involving both hippocampus and posterior association isocortex and the limbic form of AD are more common in older individuals. Strengths of our study include the large, wellcharacterized group of persons with AD dementia and a CN group that was well matched in age, sex, and TIV. There are some important caveats to our study. Because most of the participants with AD dementia were recruited from our clinical dementia practice, they cannot be considered representative of a population-based sample, and, furthermore, the numbers of younger persons with dementia exceeds what would occur in a representative population. Our participants were also notable for lacking additional clinically overt diseases. In patients with AD dementia recruited in an unbiased manner from a population, multiple other conditions might be present (at least among the most elderly). Those second or third diseases might alter the age relationships seen here. The near-significant association between age and PiB SUVR is consistent with a changing role of other diseases with age. Because our CN group was created to match the AD dementia group, it too was nonrepresentative of a populationbased cohort. Thus, our CN group's imaging values cannot be used to estimate cutpoints or to estimate specificity of the AD dementia-derived cutpoints. Finally, the cutpoints were derived to define the most impaired end of the neurodegenerative spectrum, and were not intended to optimize diagnostic separation of AD dementia from some other clinical group.
